
• r-process

• Nuclear physics

• CARIBU (Masses, half-lives and β-delayed neutron branching ratios)

Understanding the r-process
F. Montes
Joint Institute for Nuclear Astrophysics
National Superconducting Cyclotron Laboratory

Open questions:

•Where does the r-process occur?
•What are the actual reaction sequences?
• Are there multiple processes in the early 

Galaxy?
•What can the r-process tell us about physics 

of extreme environments?



F. Montes Decay Spectroscopy at CARIBU,  April 14-16, 2011

                       Metal-poor stars

[Fe/H] < -2.5
Metal poor (old stars)
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Figure 11
(a) Comparisons of n-capture abundances in six r-process-rich Galactic halo stars with the Solar-system r-only abundance distribution.
The abundance data of all stars except CS 22892-052 have been vertically displaced downward for display purposes. The solid light
blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.
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Sneden et al., Annu. Rev. Astro. 2008, 46, 241

Montes et al. ApJ 2007, 671, 1685

Eu: r-process element
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Light Element Primary Process 
LEPP 

Y.-Z. Qian, G.J. Wasserburg / Physics Reports 442 (2007) 237– 268 249
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Fig. 8. (a) Data on HD 122563 [squares (Honda et al., 2006)] compared with the solar “r”-pattern translated to pass through the Eu data (red curves).
The squares are connected with blue line segments as a guide. Squares with downward arrows indicate upper limits. The abundance pattern of heavy
r-elements [Ba (Z = 56) and above] in HD 122563 shown in (a) is similar to the corresponding part of the solar “r”-pattern but with substantial
differences, especially for Ce and Pr. Note that (Ba/Eu)HD122563 ≈ (Ba/Eu)",r . There are also gross differences between the data and the translated
solar “r”-pattern for the CPR elements. Specifically, HD 122563 has much larger proportions of CPR elements relative to heavy r-nuclei as compared
to the solar “r”-pattern. (b) Comparison of the data on HD 122563 [squares (Honda et al., 2006)] with those on CS 22892-052 [red curves (Sneden
et al. (2003b))] normalized to the same log ε(Y) as for HD 122563. The large difference (by a factor of ∼ 20) in the production of heavy r-nuclei
relative to CPR elements shown in (b) suggests that only some sources for CPR elements can also produce heavy r-nuclei.

identical for the three stars with very different enrichments of heavy r-elements shown in Fig. 6. This suggests that the
heavy r-nuclei cannot be produced by massive stars of > 11 M", which result in Fe core-collapse SNe and are sources
for the elements from O to Ge [see the review by Woosley et al. (2002) and Section 4.4].

4.2. Regularity and variability of the yield pattern of heavy r-nuclei

It appears that the heavy r-elements Ba and above exhibit an abundance pattern close to the corresponding part of
the solar r-pattern. This was recognized in all of the observational studies cited above. Two stars discussed above,
CS 22892-052 and CS 31082-001, have [Fe/H] ∼ − 3 but extremely high enrichments of heavy r-elements [(Eu/H)

∼ (1/30.1/20)(Eu/H)"]. These stars must represent contributions from single r-process sources. However, there is
no observational basis for believing that there is a single universal yield pattern even for the heavy r-nuclei. In fact,
observations show that CS 22892-052 and CS 31082-001 have log(Th/Eu)=−0.62 (Sneden et al. (2003b)) and −0.22
(Hill et al., 2002), respectively. This difference of 0.4 dex is much larger than the observational error of ∼ 0.05 dex
(Hill et al., 2002). Further, it cannot be attributed to the possible difference in age between the two stars as 232Th
(the only long-lived isotope of Th) has an extremely long lifetime of !232 = 20.3 Gyr—even if the two stars were born
13.5 Gyr (age of the universe) apart, this would only give a difference of 0.3 dex in log(Th/Eu). Therefore, there is
good reason to believe that the yields of Th and U relative to those of heavy r-elements (e.g., Eu) below A ∼ 195 should
be variable. This variation renders calculations of stellar ages from (Th/Eu) rather uncertain. Even a 30% shift in the
yield ratio of Th to Eu would give a shift of 6.1 Gyr in age due to the long lifetime of 232Th.

Further evidence for variations in the yield pattern of heavy r-nuclei has been found in HD 122563 with [Fe/H] =
−2.77 (Honda et al., 2006). The data on this star (squares) are compared with the solar “r”-pattern (red curves) translated
to pass through the Eu data in Fig. 8a. It can be seen that there is approximate accord between the data and the solar
r-pattern for the heavy r-elements (Z!56), but there are also large discrepancies, especially for Ce and Pr (see also
the comparison between the squares and the dashed curve in Fig. 6b). Clearly, it is important for future measurements
to determine whether such discrepancies extend to other heavy r-elements in HD 122563, particularly Os, Ir, and Pt
in the peak at A ∼ 195 of the solar r-pattern. Discovery of other stars of this kind would help establish the range of
variations in the yield pattern of heavy r-nuclei.

Multiple r-processes?

Qian&Wasserburg Phys. Rep. 2007, 442, 237

r-process:
Most of the elements 

heavier than Sr

LEPP: 
Only Sr - Ag?

Weak r-process (Truran&Cowan 2000)
Charge-particle reaction process   
(Woosley&Hoffman 1992; Freiburghaus et 
al. 1999)
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Mass known
Half-life known
nothing known

Big Bang

Cosmic Rays

stellar burning

rp process

p process

s process

r process

Most of the heavy elements (Z>30) are 
formed in neutron capture processes, 
either the slow (s) or rapid (r) process

νp process

Light element primary process
LEPP

Frohlich et al. 2006,
Pruet et al. 2006,

Wanajo et al. 2006

Travaglio et al. 2004
Montes et al. 2007

Arcones&Montes et al. 2011

Nucleosynthesis processes
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Neutron star mergers (Freiburghaus et al. 1999, Goriely et al. 2005)
Mergers rate too low to explain [Eu/Fe] ratio
Composition of ejected material unknown

Gamma ray bursts 
(Surman et al. 2005)

Supernovae
ONeMg core collapse (Wanajo et al. 2003)   Y(n) not high enough
Jets in core-collapse supernovae (Cameron 2001)
ν-driven wind (Woosley et al. 1992, Terasava et al. 2001)  entropy not high enough
Neutrino-induced in He-shells (Epstein et al. 1988, Banerjee et al. 2011) 

Where does the r-process occur? 



R
ad

iu
s 

[c
m

]

time [s]

   ν-driven wind scenario

En
tr

op
y 

[k
B/

nu
c]

Arcones et al. 2007

shock

reverse shock

neutron star



R
ad

iu
s 

[c
m

]

time [s]

neutron star

shock

   ν-driven wind simulation

reverse shock

4

III. RESULTS

A. Wind termination shock and long-time
evolution

Here we analyze the impact of the reverse shock on
the r-process abundances and dynamics. All calculations
presented in this section are based on the ETFSI-Q mass
model.

FIG. 1: (Color online) Temperature and density evolution of
a mass element ejected at 8 s after bounce of the supernova
explosion based on model M15-l2-r1 of Ref. [9], see discussion
in Sect. II. The solid black line corresponds to the original
trajectory from the supernova simulation labeled as “unmod-
ified”. Notice, that density have been divided by a factor 2
to get higher neutron-to-seed ratio. The green dashed line
represents a evolution with the reverse shock at temperature
of 1 GK. For the evolution shown by the red dashed-dotted
line the reverse shock was removed.

Our nucleosynthesis study correspond to the trajecto-
ries shown in Fig. 1. The solid black line, labeled as
“unmodified”, represents the trajectory from Ref. [9] in-
troduced in Sect. II A. The position of the reverse shock
and the evolution after it are not modified, but the den-
sity is overall reduced by a factor of two. In the dashed

green line the reverse shock is assumed to be at tem-
perature of 1 GK and the subsequent evolution is calcu-
lated as described in Sect. II A. The dashed-dotted red
line, labeled as “no rs”, reproduces a case without reverse
shock, where matter expands without colliding with the
slow, early supernova ejecta. In this case, we assume an
adiabatic (constant entropy) expansion with constant ve-
locity starting at the position of the reverse shock in the
simulation. As the mass outflow is constant, the density
decreases with radius as ρ ∝ r−2.

FIG. 2: (Color online) Final abundances for the different
evolutions of Fig. 1 compared to solar r-process abundances
shown by dots.

Figure 2 shows the final r-process abundances for
the different trajectories together with solar r-process
abundances (dots) [72]. None of the calculations re-
produce the solar abundances around the second peak
(A ∼ 130), since we have chosen the conditions which
produce mainly the third r-process peak (A ∼ 195). A
pattern similar to solar is expected from a superposition
of different trajectories [26, 42]. Some of the deficiencies
seen in Fig. 2 are due to the mass model and will be dis-
cussed in the next section. However, there are features
that depend on the dynamical evolution. In order to un-
derstand the abundances under different late time evolu-
tions (Fig. 1), we look at the characteristic timescales for
the r-process: neutron capture, photodissociation, and
beta decay that are defined, respectively, as:

1

τ(n,γ)
=

∑

Z,A Nn〈σv〉(Z,A)Y (Z,A)
∑

Z,A Y (Z,A)
, (2a)

1

τ(γ,n)
=

∑

Z,A λγ(Z,A)Y (Z,A)
∑

Z,A Y (Z,A)
, (2b)

1

τβ
=

∑

Z,A λβ(Z,A)Y (Z,A)
∑

Z,A Y (Z,A)
, (2c)

where Nn is the neutron number density, 〈σv〉(Z,A) the
neutron capture or (n, γ) rate, λγ(Z,A) the photodisso-
ciations or (γ, n) rate, and λβ(Z,A) the beta-decay rate.
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Cold r-process

Hot r-process
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Arcones & Martinez-Pinedo 2011



   Hot r-process

Location of path
Sn = T9/5.04 x (34.08+1.5 log T9 - 1.5 log nn) 

= 2.5-4 MeV

photodissociation

neutron capture
β-decay

Seed

Equilibrium favors 
“waiting points”

Need: 
Masses (traps)
Half-lives (Si detector stacks, combine 
with γ-spectroscopy)
Neutron capture rates after neutron 
freeze-out
Neutron emission probabilities (neutron 
detector)
Maybe fission and neutrino interaction 
rates

beta decay

Hot r-process (γ,n)
(n,γ) 

The evolution takes place under 
(n,γ)-(γ,n) equilibrium (classical 
r-process, Seeger, Fowler and 

Clayton1965, Kratz et al. 1993)

Arcones & Martinez-Pinedo 2011



   Cold r-process

Location of path
Sn = 2-4 MeV

Need: 
Neutron capture rates (masses)
Half-lives 
Neutron emission probabilities
Maybe fission and neutrino interaction 
rates

Arcones & Martinez-Pinedo 2011

Cold r-process

beta decay

(γ,n)

(n,γ) 

Competition between beta decay and 
neutron capture (Blake & Schramm 1976,  

Wanajo 2007, Janka & Panov 2009)
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   Sensitivity of r-process to astro and nuclear physics
8

FIG. 5: (Color online) Freeze-out (black lines) and final (green lines) abundances for the hot (left column) and cold (right
column) r-process. The calculations are based on the mass model that is indicated in the label.
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FIG. 5: (Color online) Freeze-out (black lines) and final (green lines) abundances for the hot (left column) and cold (right
column) r-process. The calculations are based on the mass model that is indicated in the label.
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FIG. 5. (Color online) Same as Fig. 3, but for the Ni isotopes.

chemical nonselectivity of the plasma ion source, and have
large uncertainties. Our Pn value for 79Zn and 81Ga as well
as the upper limits for 80Zn and 81Ga are compatible with
previous work. In the case of 81Zn, our Pn value is larger
than the literature value [55]. This is in line with new data
from ISOLDE indicating a Pn value of larger than 10% for
81Zn [56].

Recently, Mazzocchi et al. [52] reported preliminary lower
limits for the Pn values of 73,74Co of 9 ± 4% and 26 ± 9%,
respectively, from a γ -ray spectroscopy experiment. Within
their uncertainties, these limits are compatible with our data,
albeit only barely in the case of 73Co, which would have to
have Pn between 5% and 8% to be compatible with both our
upper limit and their lower limit.

After completion of this work, new experimental Pn values
for 76−78Cu obtained by β-delayed γ -ray spectroscopy have
been reported [57] (see Fig. 3). The reported value for 76Cu
of 7.0 ± 0.6% is consistent with our upper limit. For 77Cu, a
rather precise value of 30.0 ± 2.7% was obtained, in excellent
agreement with our result. For 78Cu, the reported result of
65 ± 8% is significantly larger than our measurement. This
might reflect the difficulty of obtaining a reliable Pn value via

FIG. 6. (Color online) Same as Fig. 3, but for the Zn isotopes.

FIG. 7. (Color online) Same as Fig. 3, but for the Ga isotopes.

γ -ray spectroscopy in this particular case, as indicated by the
authors [57].

In Figs. 3–7, our experimental results are compared with
various theoretical calculations. The shell model calculations
have been performed using the JJ4B effective interaction
[59] for the p3/2f5/2p1/2g9/2 model space on top of a 56Ni
inert core. JJ4B has been developed starting from a realistic
G-matrix interaction based on the Bonn-C NN potential
together with core-polarization corrections [46]. It has been
fitted to reproduce new experimental data separately for
57−78Ni isotopes (purely neutron interaction) and for N = 50
(79Cu–100Sn) isotones (purely proton interaction). This inter-
action has been extended further to incorporate the proton-
neutron degree of freedom. The new version of the effective
interaction JJ4B [59] takes into account information about 450
states in 73 nuclei including recent experimental data for Cu,
Zn, Ga, Ge, As, Se, Br, and Kr in the vicinity of 78Ni.

The number of chosen orbitals in these calculations is
sufficient to achieve a satisfactory description of binding
energies, neutron separation energies, and known excitation
spectra for neutron-rich nuclei in the considered region.
However, we find that to reproduce the half-lives and Pn values
of neutron-rich Ni, Zn, and Cu isotopes, the Gamow-Teller
(GT) operator has to be renormalized by a factor of 0.37,
instead of the expected factor of 0.75 for this mass region. Such
a strong renormalization of the GT operator indicates that shell
model configurations responsible for considerable amounts of
GT strength are not accounted for. Such configurations can
be attributed to the excluded f7/2 orbital, which is connected
to its spin-orbit partner, f5/2, by a very strong GT matrix
element. Indeed, a test calculation in an enlarged model space
that includes the proton f7/2 orbital and uses a 48Ca core has
been performed with a combined effective interaction [60]
and confirms that the exclusion of the f7/2 orbital in the model
space represents a strong limitation. This demonstrates the
importance of β-decay data, including Pn values, in testing
shell model calculations far from stability.

A global nuclear structure model is needed for astrophysical
applications that is not limited to nuclei within a specific
model space or near shell closures. We therefore compare
our data to theoretical results from the global, universal
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FIG. 10. (Color online) Abundances calculated with the HEW
r-process model for a single entropy component with S/k = 200.
Results based on the data from this work (78Ni half-life of 110 ms)
(thick solid red line) are compared with results based on previously
available data (78Ni half-life of 224 ms) (thin solid blue line) and
previously available data with the long 78Ni half-life of 477 ms from
Ref. [58] (black dotted line).

is a 10% increase at A = 130 (where S/k = 200 makes its
largest contribution) and a 10% suppression of very heavy
nuclei. This modest sensitivity of the final abundances reflects
the rather narrow entropy range between S/k ∼ 190 and 210
that is broadly influenced by 78Ni. Effects for higher entropies
are still significant but only below A ∼ 130 where those
high-entropy components do not contribute much. However,
it is likely that critical waiting points such as 78Ni in the case
of S/k ∼ 200 do exist also for the other entropy components.
It will be important to identify and measure these waiting
points to obtain more reliable HEW r-process calculations.
In addition to the already known N = 50 isotopes 80Zn and
79Cu, our first measurement of the 78Ni half-life is an important
further step toward this goal.

FIG. 11. (Color online) Ratio of final HEW abundance distribu-
tions summed over all entropy components calculated with our new
data including a shorter 78Ni half-life of 110 ms to what one obtains
using previously available data and the long 78Ni half-life of 477 ms
from Ref. [58].

FIG. 12. (Color online) HEW abundance distributions summed
over all entropy components using our new data (thick solid red line)
and setting all Pn values to zero (thin solid blue line) compared with
the solar r-process residuals (black filled circles).

Using our new Pn values instead of the old ones does
not lead to significant changes in the calculated abundances
for our choice of HEW model parameters. In principle, one
can expect a reduced impact of β-delayed neutron emission
compared to the classical model, as neutrons are present at
later times potentially reversing the effects via neutron capture.
Once the neutrons are exhausted, the r-process path tends to
be already closer to stability where Pn values are smaller.
To explore the impact of Pn values in HEW calculations, we
run a simulation without any β-delayed neutron emission for
comparison. This is similar to what has been done in Ref. [16]
for the classical r-process model. The result is shown in
Fig. 12 and demonstrates the importance of β-delayed neutron
emission in HEW models. For A < 110 the impact is less
pronounced, though for some mass chains significant changes
of up to a factor of 2 do occur. On the other hand, Pn values play
a critical role in shaping the A = 130 and A = 195 abundance
peaks as well as the rare-earth-metal peaks.

Overall the impact of our new data on the synthesis of
A ∼ 80 r-process nuclei in our HEW model is rather modest,
in contrast to what we found in the classical model. However, as
has been discussed extensively in Ref. [78], and as can be seen
in Fig. 12, our particular choice of HEW model parameters,
especially our initial Ye, clearly does not reproduce the solar
r-process residuals below A ∼ 110. Once this problem has
been solved, the question of the relevance of the nuclear
physics in the A = 80 region in HEW models should be
revisited.

VII. SUMMARY

We have provided the first experimental Pn values for
extremely neutron-rich Ni isotopes out to 77Ni and a first
half-life for 80Cu. Our experimental Pn values for 77Cu and
78Cu confirm the finding of an experiment carried out in
parallel to this study [57] that the previously reported Pn

values are too small, though in the case of 78Cu we find the
discrepancy is somewhat smaller as reported in Ref. [57]. This
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calculation with Pn=0 in Fe-peak
calculation with measured Pn values

Possible Pn measurements: 
Extend to 82-83Zn, 85-86Ga, 88Ge, 89Ge, 89As, 94Se and 
96Br
Progenitor of Sr, Y, Zr abundances (disentangle main 
r-process and LEPP)
Nuclear physics in solid basis in the A=80-95 region



Summary

• New observations will require similar advances in nuclear physics to 

address the many compelling scientific questions of the r-process  

• Neutron-rich nuclei far from stability are important in the r-process

• CARIBU rates will enable the study of nuclei relevant for r-process 

nucleosynthesis

• Mass measurements (δ<10-100 keV) will have a direct effect on r-process 

calculations and will address the question about shell-quenching at the 

N=82 shell closure

• Half-lives and Pn measurements will put the nuclear physics in the r-

process responsible for Sr, Y and Zr abundances in a solid basis 

Thanks to Hendrik Schatz for material 


